ABSTRACT Sequences encoding eight tRNAs and two stable RNAs of bacteriophage T4 are grouped together on the T4 genome in two clusters, separated by approximately 500 base pairs. The DNA sequence of part of this region was determined. Within each cluster coding sequences are separated by only one or a few base pairs. These findings imply that the RNAs may be processed from a single multimeric transcript, with initial endonucleolytic cleavages generating the previously characterized monomeric and dimeric precursors.
The tRNAs encoded by bacteriophage T4 have provided a useful system for the study of tRNA biosynthesis. Bacteriophage T4 encodes eight tRNAs and two low molecular weight stable RNAs of unknown function. The nucleotide sequences of small precursor RNAs for most of these have been determined (ref. 1 and references cited therein; unpublished data), and the synthetic steps leading from these intermediates to the mature molecules are known (2) . Less is known about the initial steps responsible for formation of the small precursor RNAs. We know that the small precursor RNAs are not primary transcripts, and evidence from in vitro transcription studies of the T4 tRNA coding sequences (3), which are grouped together in a small region of the T4 genome ( Fig. 1 ) (4) , indicates that these sequences are cotranscribed. However, attempts to isolate this large transcript from infected cells have thus far been unsuccessful. In the present study, restriction endonuclease fragments containing the coding sequences of seven of the stable RNAs were inserted into a plasmid vector and cloned to allow determination of their sequences. The sequence information thus obtained allows us to predict the entire biosynthetic pathway leading from the coding sequences to the mature RNAs. (7) . The product that contained a 5'-monophosphate was pA-U-G, and that which lacked a 3'-terminal G was C-A-C-C-AOH. Examination of Fig. 4 shows that C-A-C- The predicted common transcript, containing all of the T4 stable RNAs, has not yet been observed in infected cells. However, results from in vitro transcription studies indicate that the T4 tRNA coding sequences can be transcribed into a single RNA encompassing all ten coding sequences (3). The initiation site (and presumably the promoter) for this primary transcript is about 1 kilobase upstream from tRNAGln (to the left in Fig. 1 ) (4) and hence is not included in the sequences presented here. Examination of the sequence 48 residues downstream from that encoding band C RNA reveals a potential terminator sequence (see Fig. 4 ). This sequence has the following features in common with known terminators: (i) a region of hyphenated dyad symmetry preceding the (presumptive) termination site; (ii) a run of U residues at the terminus of the transcript (in this case, five -corresponding T residues are seen in the DNA strand that is identical to the RNA transcript); and (iii) G+C-rich sequences preceding the stop site (in this sequence, the potential stem and loop formed by the region of dyad symmetry would contain seven G-C base pairs) (8) .
The in vitro transcription studies also indicated that a p-dependent termination of transcription could occur somewhere between the sequences encoding tRNAIle and tRNA'9 (3). The sequence of this region has not been completely determined, but the available sequence was examined for potential terminators. The best candidate (none were as good as the one described above) is indicated in Fig. 5 ; surprisingly, this sequence falls within the tRNAIle sequence. If it is functional, the consequences with respect to tRNAIIe synthesis would be of interest-termination of transcription within tRNAIle could result in yields of tRNAIle lower than those of tRNAThr. Two experimental observations are relevant in this context. First, the yield of tRNAIle in T4-infected cells is low relative to tRNAThr. Second, in hosts lacking RNase P activity, a monomeric precursor to tRNAThr is found in roughly the same (or greater) molar yield as the dimeric tRNAThr-tRNAIle precursor, whereas no comparable tRNAIle precursor has been observed (ref. 1; unpublished data). Any relationship-between these observations and the proposed terminator structure is, however, purely speculative. Fig. 4 also shows a potential promoter sequence about 100 base pairs upstream from tRNAAFS. The boxed sequence is an excellent match with the strongly conserved "Pribnow sequence," found in the -10 region of prokaryotic promoters, and the 6 residues immediately upstream agree well with the weakly conserved sequence homology found there (8) . We cannot say anything about the -35 (or "recognition")'region of this potential promoter, because the EcoRI cleavage site that generated the restriction fragment was between the -10 region and any potential -35 region. The sequence downstream from the Pribnow sequence also shows some homology with weakly conserved sequences of functional promoters; if this is a functional promoter, transcription would probably start at or near residue 30, resulting in a 93-nucleotide leader prior to the mature tRNAkg sequence.
The relationship of the promoter and terminators described above to the in vitro transcripts described by Goldfarb and Daniel (3) is unknown, and none of them has been shown to function in vitro or in vivo.
The endonuclease responsible for cleavages of the putative initial transcript (or transcripts) to generate the previously characterized precursor RNAs has not been identified. Ribonuclease III may function to remove most of the transcribed residues to the 5' side of tRNAGIn (9) , but it is not a likely candidate for the other cleavages required. We should consider the possibility that these cleavages need not proceed via a unique enzyme, but can instead be mediated by any of a number of cellular or T4-encoded ribonucleases. Examination of the sequences within the two clusters of RNA coding regions reveals short A+U-rich regions separating the stable RNA sequences. Conceivably these stable RNA sequences could be protected from nucleolytic cleavage by virtue of their tRNA-like conformations; by contrast, the A+ U-rich regions would be unprotected and hence susceptible to a variety of ribonuclease activities. It has been shown experimentally that, at least within the small dimeric precursors, the individual tRNA sequences assume tRNA-like conformations (10) . By assuming a tRNA-like structure while still part of the primary transcript, the stable RNA sequences may both limit and direct cleavage of that transcript. In Figs. 4 and 5, the activity or activities responsible for these cleavages are indicated simply as RNase (without further identification), and its (their) predicted sites of action are indicated. These cleavages may occur subsequent to transcription or concomitantly with transcription.as is the case for rRNA processing in E. coli (11) .
Once the primary transcript is cleaved to produce the smaller precursors, processing follows the pathways previously described (2, 11) . In all cases RNase P generates the 5' ends of the mature RNA species. Maturation of the 3' termini occurs via two different pathways. When the complete C-C-A sequence is absent in the precursor, as is the case with tRNAPr°, tRNAser, tRNAI e, and band C RNA, RNase BN acts to exonucleolytically. remove extra nucleotides from the 3' termini of the precursor RNAs. Completion of the 3' C-C-A sequence is then mediated by tRNA nucleotidyltransferase. In the case of tRNATh", tRNA~"', and band D RNA the 3'-terminal C-C-A is transcriptionally derived, occurring in the small precursors as C-C-A-N. The extra residues (represented as N) are removed by a 3'-exonuclease other than RNase BN; RNase D is a likely candidate for this activity (12) . The processing pathway also includes the modification of specific nucleosides within tRNA sequences. The modified nucleosides, with the exception of 2'-O-methylguanosine, are present in the smaller precursors, implying that these modifications occur prior to the cleavage events that generate the monomeric and dimeric precursors. On the other hand, the ribose methylation to produce 2'-Omethylguanosine is a terminal step in tRNA maturation (13) . The product of at least one T4 gene, provisionally termed MI or mb, may also be involved in the biosynthesis of T4 tRNAs; its role is unknown at present (14) .
Recently, Abelson (4) (15) published the data on which the previously reported DNA sequence was based, and they presented a processing model with some similarities to ours. They also presented preliminary sequences for regions encoding the termini of tRNAArg and band C and band D RNAs; these preliminary sequences agree with the sequence shown in Fig. 4 , with one exception: their sequence shows the insertion of a C residue between residues 121 and 122.
